We are just beginning to understand some of the cellular mechanisms involved in human keratinocyte migration on extracellular matrix. Extracellular matrix components have differing effects on keratinocyte motility. Signalling through integrin receptors and secretion of collagenase are both components of this process. An understanding of the effect of extracellular matrix on keratinocyte migration has direct relevance to the problem of wound re-epithelialization and will assist in the development of therapeutic efforts to enhance wound healing artificially.
Introduction
Re-epithelialization is the term used to describe the resurfacing of a skin wound with a new epithelium. In clinical practice, a physician may consider that a wound is reepithelialized if a dry film of epithelium covers the moist erythematous wound bed of granulation tissue. At the microscopic level, re-epithelialization involves multiple processes including the formation of a provisional wound bed matrix, the migration of epidermal keratinocytes from the cut edge of the wound, the proliferation of keratinocytes that feed the advancing and migrating epithelial tongue, the stratification and differentiation of new epithelium and the reformation of the basement membrane zone.
Immediately after a wound occurs, there is a short lag period lasting for several hours. 1 The keratinocytes that form the cut edge of the wound begin to migrate in 24± 48 h. The keratinocytes migrate not only from the wound periphery, but also from cut epidermal appendages throughout the wound bed. Usually, there are multiple small epithelial islands sprinkled throughout the wound bed that contribute to the re-epithelialization process in addition to the keratinocytes at the periphery of the wound circumferentially. The cellular events necessary for keratinocyte migration are poorly understood, especially within the hostile environment of human skin wounds which is often hypoxic and under siege by inflammatory mediators, inflammatory cells, connective tissue fragments and abundant proteases.
Morphology of the migrating keratinocyte
Odland and Ross 2 examined the morphology of epithelial cells by electron microscopy at the initiation of migration after wounding. They observed that the migrating keratinocyte changes its shape dramatically as it goes from a stationary basal keratinocyte to a migrating cell. As the cell begins to migrate along the wound bed, it becomes flat and elongated. Long cytoplasmic extensions called lamellipodia are observed. The migrating cell loses its hemidesmosomes and desmosomes and the gap junctions become more prominent.
1 Keratin filaments retract from the cytoplasmic periphery and there is redistribution of the actin cytoskeleton into lamellipodia. 3 
Measurement of keratinocyte migration
There has been very little work concerning keratinocyte migration in response to matrix. Hebda 4 and Stenn 5 have evaluated keratinocyte locomotion in skin organ culture outgrowths, but these techniques can produce invalid results because the outgrowth size may depend upon cell proliferation as well as on cell motility. The development of two keratinocyte migration assays that use computer-assisted morphometry to quantify migration of cells on a variety of extracellular matrices and that distinguish true locomotion from proliferation has furthered investigation of the effect of extracellular matrix (ECM) on keratinocyte migration.
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Extracellular matrix
The basal keratinocyte is apposed to the basement membrane. The keratinocyte can synthesize much of its own basement membrane including laminin isoforms, type IV collagen and anchoring fibril (type VII collagen). During wound healing when the intact basement membrane zone is abrogated, migrating keratinocytes use a provisional matrix in the wound bed that is rich in fibronectin, fibrin and vitronectin. During re-epithelialization the keratinocyte plasma membrane also makes contact with basement membrane collagens (type IV and VII) and interstitial collagens (type I, III and VI). Human keratinocytes sense ECM, attach and migrate using specific integrin receptors that are organized into focal adhesion contacts. These heterodimeric molecules have two chains, an alpha chain and a beta chain that are noncovalently linked. The transmembrane organization of integrins permits binding to extracellular ligands and transmission of signals into the cytoplasm. Conversely, the intracellular tails interact with cytoplasmic molecules to regulate binding of ECM. These functions have been termed`outside-in' and`inside-out' signalling, respectively. 8 The RGD sequence (Arg-Gly-Asp) is a cell attachment site present in ECM proteins recognized by almost half of the known integrin receptors. The integrinbinding activity of ECM can be reproduced by short synthetic peptides containing the RGD sequence. 9 
Collagens
Collagens are a family of glycoproteins containing triple helices involving a chains that are found in the ECM. Thirty-two different a chains have been identified and at least 17 are found in skin. All a chains contain the repetitive motif Gly-X-Y, which allows folding into a triple helix. 10 
Type I and III collagens
Type I and III collagen are the major interstitial, fibreforming, collagens in normal human dermis and they constitute the bulk of large collagen fibres. Type I collagen comprises about 80% of dermal collagen and plays a major role in providing tensile strength to skin. In the initial phase of wound healing type III collagen and fibronectin are deposited, and later on type III collagen is replaced by type I collagen. 11 In the first 24 h after formation of a wound, using in situ hybridization, type I collagen mRNA was found in the deep layers of granulation tissue only. 12 By days 6±13 after wounding, transcripts were also found in the upper layers of granulation tissue.
Type I collagen dramatically promotes human keratinocyte migration in vitro see (Fig. 1A) . 6 A comparison of keratinocytes with human fibroblasts, endothelial cells, melanocytes, melanoma cells, sarcoma cells, glioblastoma cells and some nonhuman cell lines has shown that the long linear morphology of the keratinocyte migration track is unique and reflects a uniquely rapid rate of migration by these cells. The only other cell line to make very linear tracks and display such rapid rates of migration were HT1080 cells, a human sarcoma cell line, that also synthesize large amounts of extracellular matrix macromolecules. 13 Keratinocytes use the a2b1 integrin receptor to migrate on type I collagen and blocking this receptor inhibits migration on type I collagen.
14 Collagen-driven motility is not mediated by RGD, even though collagens contain these sequences.
Type IV collagen
Type IV collagen forms a three-dimensional lattice-work within the lamina densa of the basement membrane zone. A small Hep III domain within the helical domain of type IV collagen binds to heparan sulphate proteoglycan, serves as a cell attachment site, 15 and mediates human keratinocyte migration on type IV collagen. 16 Type IV collagen, like type I collagen, enhances human keratinocyte migration in vitro. 6 
Type VII collagen
Type VII collagen is a component of anchoring fibrils, morphologically distinct attachment structures extending from the lower portion of the basement membrane zone to the papillary dermis. 17 The anchoring fibrils span from the lamina densa of the basement membrane zone to the upper papillary dermis where they associate with structures known as anchoring plaques, basement membrane islands within the papillary dermis containing type IV collagen and laminin 1. Anchoring fibril loops also entrap interstitial collagen fibres consisting primarily of type I and type III collagens. Thus, type VII collagen plays a critical role in stabilizing the attachment of the cutaneous basement membrane zone to the underlying dermis.
Type VII collagen expression and anchoring fibril formation is a very late effect in human wounds. 18 The functional parallel of this late expression is that healed human wounds exhibit poor epidermal±dermal adherence for a long time (months to years) after reepithelialization is completed. 19 As it is difficult to make large amounts of type VII collagen, there is no data on the effect of type VII collagen on keratinocyte migration in vitro. Recessive dystrophic epidermolysis bullosa keratinocytes, that have mutations in the type VII collagen gene, are hypermotile on collagen and the hypermotile phenotype can be reversed by infection with a type VII collagen minigene in vitro. 20 
Fibronectin
Fibronectin is a large glycoprotein (M r 440 000) consisting of two similar chains disulphide-linked at the carboxyl terminus. Clark et al. 21 demonstrated that after formation of a wound when the basement membrane zone is disrupted, migrating keratinocytes use a provisional matrix that is rich in fibronectin and fibrin.
A number of biologically active domains have been identified within the fibronectin molecule. In an excised newt limb model of wound healing, Donaldson and Mahan 22 demonstrated that the RGDS-binding domain of fibronectin was necessary for the epithelium of the newt limb to migrate onto a glass plate inserted into the wound in a limb.
Human keratinocytes`sense' fibronectin using the a5b1 and the a3b1 integrin receptors. When keratinocytes migrating out of skin explants are examined after 7 days, a5 is found predominantly in the migrating cells, whereas a2, a3 and b1 are found in the skin and migrating cells, suggesting that a5b1 is more important for migration on fibronectin. 23 Kim et al. 24 demonstrated that when the a5b1 integrin receptor was blocked by specific antibodies or by the addition of specific RGD peptides keratinocyte migration was dramatically inhibited.
Laminins
Laminins are large, cruciate, heterotrimeric molecules within the lamina lucida of the basement membrane zone. 25 Cornelius et al. 18 showed that in human skin wounds in vivo bullous pemphigoid antigen is observed first beneath the re-epithelializing tongue of keratinocytes, followed by type IV collagen and laminin 1. In animal studies, laminin 1 does not appear consistently until the migratory epithelium becomes stationary, suggesting that laminin 1 inhibits migration in vivo.
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Laminin 1 also inhibits keratinocyte migration in vitro (see Fig. 1B ). 6 More recently, other laminin isoforms including laminin 5, laminin 6 and laminin 7 have been found within the lamina lucida. Laminin 5 strongly promotes keratinocyte attachment and anchors the keratinocyte to the substratum. 25 Junctional epidermolysis bullosa keratinocytes, that have mutations in laminin 5, are hypermotile suggesting that laminin 5 inhibits keratinocyte migration. 26 Interestingly, purified laminin5 that contains a nonreduced a3 chain of laminin 5 promotes keratinocyte migration. 27 When the a3 chain of laminin 5 is reduced, for example in laminin 5 purified from keratinocyte medium, laminin 5 inhibits keratinocyte migration. 28 Thus, proteolysis of laminin 5 may change it from a pro-migratory to an inhibitory substrate. Hypoxia promotes keratinocyte migration and there is decreased deposition of laminin 5 under hypoxic conditions allowing the hypoxic keratinocyte to be less adherent to matrix. 29 The a2b1 integrin receptor binds to the g2 chain of laminin 5 and this interaction makes the keratinocyte more adherent to its underlying matrix. 
Vitronectin
Vitronectin is another plasma-serum component that can also function as a matrix component in the setting of wound healing, as it too forms part of the provisional matrix. Brown et al. 31 demonstrated that vitronectin promotes keratinocyte migration. By 125 I surface-labelling human keratinocytes and chromatographing the labelled plasma membrane proteins on a vitronectin column, Kim et al. 32 demonstrated that the salient integrin on keratinocytes that binds vitronectin is the avb5 receptor. Blocking this receptor with monospecific antibodies or a RGD tripeptide blocked keratinocyte migration on vitronectin.
Extracellular matrix and signalling
Integrin-mediated cellular adhesion to ECM ligands leads to activation of focal adhesion kinase (a 125-kDa kinase within focal adhesions) with subsequent activation of downstream effector molecules including mitogen-activated protein kinases (MAPK), which play a major part in triggering transcription of many early genes involved in growth and differentiation. 33 When keratinocytes are plated on pro-migratory matrices phosphorylation of focal adhesion kinase is enhanced. 34 ERK-1/2, components of the MAPK pathway downstream of focal adhesion kinase, are also tyrosine phosphorylated during keratinocyte migration on ECM. 35 
Extracellular matrix and metalloproteinases
The matrix metalloproteinases (MMPs) comprise a gene family of enzymes that share important properties. Their catalytic mechanism requires an active site zinc ion; they are secreted as inactive zymogens; they can degrade various components of the ECM; and their proteolytic activity is inhibited by tissue-derived inhibitors. 36 
Keratinocyte-derived matrix metalloproteinases
In general, MMPs are not expressed constitutively in vivo, but are induced in response to cytokines, growth factors, hormones and cell contact with ECM. Human keratinocytes, like dermal fibroblasts, synthesize and secrete MMP-1, MMP-2 and MMP-9. 37, 38 Moreover, these collagenases exhibit increased expression when the keratinocytes are migrating. 38, 39 Interestingly, the 92 kDa type IV collagenase (MMP-9) is modulated by matrix while the 72 kDa type IV collagenase (MMP-2) is not. The type I collagen integrin receptor, a2b1, is expressed constitutively on keratinocytes, and this receptor transduces collagen-mediated induction of MMP-1. Contact with type I collagen alone without keratinocyte migration is insufficient to induce MMP-1. 40 
Matrix metalloproteinases and wounds
During wound healing degradation of ECM by metalloproteinases is required to remove damaged tissue and provisional matrices and to permit cell migration. During active wound repair, basal keratinocytes at the migrating front of re-epithelialization are the predominant source of interstitial collagenase. In situ hybridization studies show clearly that only basal keratinocytes express interstitial collagenase mRNA. 41 Only a few matrix molecules are cleaved by collagenase and in the setting of wound healing, these are probably native type I and III collagens. Other MMPs capable of degrading fibronectin, type IV collagen, laminin and glycosaminoglycans are required for effective wound repair and tissue remodeling.
Conclusion
A current`ratchet' model of human keratinocyte motility is that it is a sequence of events in which the adherent cell extends its lamellipodia, forms attachments to deposited endogenously secreted matrices, assembles and contracts its cytoskeleton and finally, as it moves forward, disengages matrix adhesions by the expression of metalloproteinases and other proteinases that degrade matrix. 29 In this review, I have outlined the effect of ECM on keratinocyte migration. Other factors also influence human keratinocyte migration including growth factors, hypoxia and divalent cations. The initiating events, the intracellular mechanisms involved, and the relative importance of each element needs further investigation.
